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I. INTRODUCTION
Thermoelectric materials can be used for the conversion of waste heat to electricity, which is expected to be an energy-saving technology. Researchers in the thermoelectric community have therefore been developing high-efficiency thermoelectric materials. The dimensionless figure-of-merit ZT is expressed approximately by
where m Ã is the effective mass, l is the mobility, j L is the lattice thermal conductivity, and T is the absolute temperature. 1 Semiconducting clathrate compounds of group IV elements are good thermoelectric materials because of their very low j L value as a result of the "rattling" motion of the atoms filling in their cages. [2] [3] [4] [5] [6] Such clathrates also have the advantage that they can be produced using non-toxic elements. To date,several Ge-and Si-based compounds with the type-I clathrate structure (No. 223, Pm 3n) have been reported to possess ZT values of approximately 1 at elevated temperatures; 2, 3, [7] [8] [9] the maximum ZT values of singlecrystal and polycrystalline samples are 1.35 at 900 K for Ba 8 Ga 16 Ge 30 (Ref. 7) and 1.2 at 1000 K for Ba 8 Ni 0.31 Zn 0.52 Ga 13 .06 Ge 32.2 (Ref. 8) .
Equation (1) indicates that a higher carrier mobility l results in a larger ZT value. Carrier conduction in semiconducting clathrates is considered to suffer from alloy disorder scattering and ionized impurity scattering, as well as acoustic phonon scattering. Figure 1 shows the crystal structure of the type-I clathrate Ba 8 (X,Ge) 46 , where X represents an element such as Ga or Zn which substitutes for Ge in the framework, and the X atom compensates for excess electrons provided by Ba. The X atoms may reduce carrier mobility by alloy disorder scattering and/or ionized impurity scattering. So, a decrease in the number of the X atoms may increase the carrier mobility in the clathrate. The following room-temperature (RT) mobilities larger than that of approximately 10 cm 2 V À1 s À1 for Ba 8 Ga 16 Ge 30 (Ref. 8) , respectively. However, these differences are associated with decreases not only in the number of substituting atoms but also in the effective mass m Ã . Consequently, the corresponding weighted mobilities m Ã3=2 l, as well as the resultant ZT increased to a small degree.
The substitution of alkali metals such as K for the Ba atoms filling in the cages can also reduce the number of X atoms in the framework. In a previous paper, we reported that the type-I clathrate K 8 Ga 8 Sn 38 has a higher mobility and ZT value than that of the type-I clathrate Ba 8 Ga 16 Sn 30 (Ref. 15) . We also prepared sintered samples of K x Ba 8Àx Ga y Ge 46Ày in another study. 17 Xie synthesized a K 8 Zn 4 Ge 42 clathrate; 16 the thermoelectric properties have not been reported.
Apart from the above-mentioned reduction in the number of X atoms, ordering of the X/Ge atom configuration in the framework possibly raises the carrier mobility because of the suppression of alloy disorder scattering. Metal atoms such as Ni, Cu, and Zn prefer to occupy the 6c sites in the framework (Fig. 1) . [18] [19] [20] [21] [22] [23] [24] [25] [26] 13 where the observed increases in mobility were mainly as a result of a decrease in the number of substituting atoms. Johnsen et al. characterized several Ba 8 Ni 6Àx Ge 40þx (0 x 0.6) samples. 20 However, disappointingly, they did not obtain increases in carrier mobility, which is possibly attributable to the existence of vacancies in their frameworks. Melnychenko-Koblyuk et al. and Koza et al. prepared ternary Ba-Zn-Ge clathrates. 21, 24 The Ba 8 Zn x Ge y (0 x 6) samples contained vacancies in their frameworks, which probably scattered carrier electrons and reduced carrier mobility. On the other hand, Nasir et al. prepared vacancy-free quaternary clathrates Ba 8 (Zn,Cu) 6 Ge 40 and Ba 8 (Zn,Pd) 6 Ge 40 , whose 6c sites were occupied almost solely by Zn and Cu or Pd atoms; unfortunately, these clathrates are not reported to have high ZT values. 25 Since the Zn and Cu or Pd atoms were present randomly at the 6c sites in the frameworks, 25 this randomness might suppress increases in carrier mobility.
In this study, we prepared K x Ba 8Àx Zn y Ge 46Ày clathrates to investigate their crystal structures, transport properties, and thermoelectric properties. We anticipated that the K 4 Ba 4 Zn 6 Ge 40 clathrate would possess an ordered framework with 6c, 16i, and 24 k sites occupied solely by Zn, Ge, and Ge atoms, respectively. We were also interested in the properties of the K 8 Zn 4 Ge 42 clathrate mentioned above.
II. EXPERIMENTAL
Nominal K x Ba 8Àx Zn y Ge 46Ày polycrystalline samples were obtained as follows. The starting materials were K (99%), Ba (99.9%), Zn (99.999%), and Ge (99.9999%); they were weighed to a composition ratio of K 1.1x Ba 1.03(8Àx) Zn y Ge 46Ày , with excess of K and Ba of 10 and 3 wt. %, respectively, to compensate for their mass losses during sample preparation. K, Zn, and an arc-melted Ba-Ge alloy were placed in BNcoated Nb crucibles, which were sealed inside stainless-steel containers under Ar. The containers were heated and kept at 1223 K for 24 h in an Ar flow. The resulting materials were ground to fine powders (below 100 lm), which were then sintered by spark plasma sintering (SPS) with graphite dies. Sintering was performed at 1058-1113 K for 30 min under 40 MPa in standing Ar at 0.5 atm. For comparison, a Ba 8 Ga 16 Ge 30 sample was produced from a powder of arcmelted Ba-Ga-Ge alloy using the SPS method.
The crystal structures of the samples were examined using powder x-ray diffraction (XRD) and powder neutron diffraction (ND) at RT; the ND measurements were performed with the high-efficiency and high-resolution diffractometer, HERMES, of the Institute for Materials Research (IMR), Tohoku University, installed at the JRR-3 reactor at the Japan Atomic Energy Agency (JAEA). 27 The Rietveld analyses were performed using the Rietveld analysis program RIETAN-FP, 28 which provided the structural parameters as well as the weight percentages of the secondary phases contained in the samples. The chemical compositions of the samples were determined using electron probe microanalysis (EPMA) with an energy dispersive Horiba EMAX-7000. Sample densities q were determined by the Archimedes method. Electrical conductivities r were measured using the four-probe method. The Seebeck coefficients S were measured using the steady-state method. The electrical conductivities and Seebeck coefficients were measured at 100-1000 K in a vacuum. Thermal conductivities j were obtained at 300-1000 K using the relation j ¼ aCq; the thermal diffusivities a were measured in a vacuum using the laser flash method and specific heats C were calculated using the Dulong-Petit law (C DP ). Hall measurements were carried out at 100-300 K; carrier concentrations n were determined from the relation n ¼ 1=ðeR H Þ, where e is the electronic charge and R H is the Hall coefficient. Hall mobilities l H were calculated from the relation
The RT effective masses m Ã were estimated using a single parabolic band model with a scattering factor r of À1/2. In this model, S and n are given by
respectively, where k is the Boltzmann constant, g Ã is the reduced Fermi energy, F t is a Fermi integral of order t, and h is Planck's constant.
1 g Ã was calculated from S, using the former equation, and then m Ã was calculated from g Ã and n using the latter equation. The lattice thermal conductivities j L were estimated using 46 . Large balls represent Ba atoms and smaller balls represent X and Ge atoms; black, gray, and white balls are at the 6c, 16i, and 24k sites, respectively. This figure was drawn using the VESTA program (Ref. 10).
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Rietveld method under the condition that no vacancy existed at each site. We used the split-site model for the rattler K/Ba atoms in the larger (or tetradodecahedral) cages in the type-I clathrate, 31, 32 where the 24j split-site model resulted in a slightly better fit than the 24k model did. 22 The obtained data for K 8 Zn 4 Ge 42 are almost equal to the data previously reported, 16 and the data for Ba 8 Zn 8 Ge 38 are roughly the same as those previously reported. 21, 22 As did in the previous studies, [21] [22] [23] [24] this study revealed that the Zn atoms preferred to exist at the 6c sites. Unfortunately, we could not synthesize a sample with a perfectly ordered Zn/Ge framework whose 6c, 16i, and 24k sites were occupied solely by Zn, Ge, and Ge atoms, respectively, although the K 2 Ba 6 Zn 7 Ge 39 and K 4 Ba 4 Zn 6 Ge 40 samples seem to possess highly ordered Zn/Ge frameworks. The Rietveld analysis also indicated that the K atoms, being larger than Ba, preferred to exist at the 24j sites, which are wider than the 2a sites, and that the samples with higher K contents had larger equivalent atomic displacement parameters U eq , as well as smaller split distances d ¼ jyð24jÞ À 1=2j for the rattler K/Ba atoms. We will discuss their influences on the thermal conductivity later. . Carrier compensation was therefore roughly complete in the obtained samples. We anticipated increases in the carrier mobility l for the K-containing samples, but these samples, including the ones with highly ordered frameworks, exhibited reduced carrier mobility. Consequently, we could obtain no increase in the materials factor b ¼ ðm Chemical composition determined by EPMA. Table I , except that the rattler K/Ba atoms were set to exist at the 6dð1=4; 1=2; 0Þ site instead of the 24jð1=4; y; 1=2 þ yÞ site. 33 Both the conduction band minima are present at the M point. In a previous paper, 34 we demonstrated that the conduction band minimum of Ba 8 Zn 8 Ge 38 is of lower energy than that of Ba 8 Ga 16 Ge 30 , which causes band gap narrowing as well as a decrease in the effective mass. In contrast, the conduction band minimum of K 8 Zn 4 Ge 42 increases in energy, which results in a band gap increase as well as an increase in the effective mass. The difference between these conduction bands is caused by the difference between the orbitals of the rattler K and Ba atoms: as seen in Fig. 3 , the conduction band edge of Ba 8 Zn 8 Ge 38 has a pronounced Ba orbital character, 34 whereas that of K 8 Zn 4 Ge 42 has virtually no K orbital character. We therefore concluded that the measured mobilities, as well as the effective masses mentioned above, were affected by changes in the band structures of the K-containing clathrates. Figure 4 plots the RT Hall mobility l H as a function of carrier concentration n for the K x Ba 8Àx Zn y Ge 46Ày samples and some related clathrates Ba 8 (Zn,Ge) 46 8, 11, 13, and 14) . The line l H / n À1=3 is a guide for the eyes.
B. Mobility and effective mass
Ã =m e Þ 3=2 l H =j L ,
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Kishimoto et al. Figure 5 plots the RT weighted mobility ðm Ã =m e Þ 3=2 l H as a function of carrier concentration n for the K x Ba 8Àx Zn y Ge 46Ày samples and some related clathrates. 8, 11, 13, 14 The weighted mobilities of the K x Ba 8Àx Zn y Ge 46Ày samples were not as large as those of the related clathrates, but the K 8 Zn 4 Ge 42 sample showed a relatively large value as a result of its larger effective mass. To sum up so far, we could not obtain increases in mobility and in weighted mobility for K x Ba 8Àx Zn y Ge 46Ày , including K 4 Ba 4 Zn 6 Ge 40 with a highly ordered framework.
We further examined the carrier mobilities of the K x Ba 8Àx Zn y Ge 46Ày samples. Figure 6(a) shows the temperature dependences of the Hall mobilities l H at low temperatures for the K x Ba 8Àx Zn 8Àx/2 Ge 38þx/2 samples with x ¼ 0, 2, and 4. Since we could not determine the Hall voltage for the samples with x ¼ 6 and 8 because of electrical noise, we plotted the r=ðen 300K ) values in Fig. 6(b) , where n 300K is the carrier concentration at 300 K. For comparison, the data for the Ba 8 Ga 16 Ge 30 sample are also plotted. As indicated by the thick curves, the data in Fig. 6(a) can be well fitted to the relation
which is based on Matthiessen's rule, where M1 and M2 are constants. The calculated fitting parameters are as follows: The temperature dependences of carrier mobilities l ac , l al , and l i , dominated by acoustic phonon scattering, alloy disorder scattering, and ionized impurity scattering, respectively, are given as follows:
where N i is the number of ionized impurity atoms. Since the positions of the conduction band minima in the k-space for the clathrates examined do not differ from each other, in this paper, we simply use the effective mass m Ã instead of the DOS effective mass and conductivity effective mass. If ionized impurity scattering was dominant at lower temperatures, the K 4 Ba 4 Zn 6 Ge 40 sample with a smaller carrier concentration would have possessed a higher mobility. However, this was not true for our samples. We therefore believe that the dominant scattering at lower temperatures was alloy disorder scattering, whereas that at higher temperatures was acoustic phonon scattering. Consequently, we obtain
In contrast, substantial ordering of the atomic configuration and a decrease in the number of Zn atoms substituting for Ge in the framework were obtained for the K-containing K x Ba 8Àx Zn y Ge 46Ày samples. Accordingly, alloy disorder scattering in the samples was expected to be suppressed. However, as mentioned above, the estimated mobilities l al dominated by alloy disorder scattering were 22.4 and 12.5 cm 2 V À1 s À1 , respectively, for the samples with x ¼ 2 and 4, which were smaller than that of 32.3 cm 2 V À1 s À1 for the sample with x ¼ 0. We thus speculate that the alloy disorder scattering caused by the Zn/Ge atoms sitting in the framework would have weakened, whereas other alloy disorder scattering, as a result of the combination of K and Ba atoms sitting in the clathrate cage, might have strengthened. Figure  3 implies that the conduction band minima for the K x Ba 8Àx Zn y Ge 46Ày samples differ in the areas around the rattler K and Ba atoms; we believe that the difference strengthened the scattering as a result of mixing of the K and Ba atoms. In addition, the substitution of K for Ba increased the effective mass, as seen before, which probably increased the alloy disorder scattering, because it is proportional to m Ã5=2 (See Eq. (4)). We performed additional band structure calculations for hypothetical clathrates containing other alkali metals instead of K. Figure 7 shows the band structures and DOSs for the hypothetical clathrates Na 8 4 Ge 42 . Alloy disorder scattering is considered to strengthen with band edge discontinuities or band gap differences. 37 Consequently, increases in mobility for the Na x Ba 8Àx Zn y Ge 46Ày clathrate might be expected to be caused by suppression of alloy disorder scattering.
The samples with higher K contents all possessed larger effective masses and reduced mobilities, although the K 8 Zn 4 Ge 42 sample had a larger mobility than that of the K 6 Ba 2 Zn 5 Ge 41 sample. The reason is that the former sample did not suffer from alloy disorder scattering caused by mixing of the K and Ba atoms; its temperature-dependent mobility (Fig. 6(b) ) has hardly any T 0 contribution caused by alloy disorder scattering. 
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C. Thermoelectric properties Figure 8 plots the temperature dependences of thermal conductivities j, lattice thermal conductivities j L , the Seebeck coefficients S, electrical conductivities r, the power factors S 2 r, and the dimensionless figures-of-merit ZT for the K x Ba 8Àx Zn 8Àx/2 Ge 38þx/2 and Ba 8 Ga 16 Ge 30 samples.
All the lattice thermal conductivity values decreased with temperature below 800 K (Fig. 8(b) ); some of them increased with temperature above 800 K because of intrinsic conduction. The solid curves fit the relation ), K2 (mW/cm)) ¼ (5.4, 2000), (7.4, 2200), (8.3, 2800), (9.5, 3400), and (9.5, 6000) for x ¼ 0, 2, 4, 6, and 8, respectively. The term K 2 =T represents the decrease caused by phonon-phonon scattering. Such decreases are clearly seen for all the samples, which indicates that rattling did not completely suppress thermal conduction in the (K,Ba) 8 38 was approximately equal to that previously reported. 22 The dotted curve represents the theoretical minimum value j min for Ge. 38 The value for Ba 8 Zn 8 Ge 38 became close to the j min value at high temperatures as a result of rattling and phonon-phonon scattering.
In contrast, the K1 values for the K x Ba 8Àx Zn 8Àx/2 Ge 38þx/2 samples increased with the K content x; their j L values were not small enough. As seen above, the samples with higher K contents had larger equivalent atomic displacement parameters U eq as well as smaller split distances d. A large U eq value decreases the thermal conductivity, whereas a small d value does not decrease it. 31, 32 In addition, the samples with higher K contents had lighter average atomic weights of the rattler K/Ba atoms; this did not promote a reduction in thermal conductivity.
The temperature dependences of the Seebeck coefficients S and electrical conductivities r (Figs. 8(c) and 8(d) ) show typical behaviors of n-type degenerate semiconductors. The power factor S 2 r reached 10 lW cm À1 K À2 at around 1000 K for the K 2 Ba 6 Zn 7 Ge 39 sample. At low temperatures, around RT, the S 2 r value of the K 8 Zn 4 Ge 42 sample was larger than those of the other samples, including that of the Ba 8 Ga 16 Ge 30 sample; this is a result of its larger weighted mobility (Table II) . Similar data were obtained for the Nisubstituted Ge clathrates. 8 The maximum ZT value obtained in this study was 0.51 at 1000 K for the K 2 Ba 6 Zn 7 Ge 39 sample; unfortunately, this is substantially lower than that of the Ba 8 Ga 16 Ge 30 sample.
IV. CONCLUSIONS
We prepared several polycrystalline samples of n-type clathrate K x Ba 8Àx Zn y Ge 46Ày (y $ 8 À x=2), whose Zn atoms preferred to exist at the 6c sites in the framework. The clathrate samples with x around 4, such as K 4 Ba 4 Zn 6 Ge 40 , had smaller numbers of substituting Zn atoms, as well as more ordered Zn/Ge atom frameworks, than the Ba 8 Zn 8 Ge 38 sample did. However, the former exhibited lower carrier mobilities, contrary to expectations. This is probably associated with the influences of mixing of the K and Ba atoms in the cages on the conduction band edge. Band structure calculations suggest that the mixing would have strengthened alloy disorder scattering. The calculations also imply that we could possibly obtain increased mobility for a clathrate Na 4 Ba 4 Zn 6 Ge 40 . However, since influences on the valence band edge seem to be almost absent, we expect that the carrier mobility might be improved in p-type K x Ba 8Àx Zn y Ge 46Ày clathrates.
